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ABSTRACT 

The time-resolved spectral analysis of GRB 090227B, made possible by the Fermi-GSM. data, allows to 
identify in this source the missing link between the genuine short and long GRBs. Within the Fireshell model 
of the Gamma-Ray Bursts (GRBs) we predict genuine short GRBs: bursts with the same inner engine of the 
long bursts but endowed with a severely low value of the Baryon load, B < 5 x 10~ 5 . A first energetically 
predominant emission occurs at the transparency of the e + e~ plasma, the Proper-GRB (P-GRB), followed by 
a softer emission, the extended afterglow. The typical separation between the two emissions is expected to be 
of the order of 10" 3 - 10" 2 s. We identify the P-GRB of GRB 090227B in the first 96 ms of emission, where 
a thermal component with the temperature kT = (517 ± 28) keV and a flux comparable with the non thermal 
part of the spectrum is observed. This non thermal component as well as the subsequent emission, where 
there is no evidence for a thermal spectrum, is identified with the extended afterglow. We deduce a theoretical 
cosmological redshift z = 1.61 ±0.14. We then derive the total energy E%- = (2.83 ± 0.15) x 10 53 ergs, the 
Baryon load B = (4.13 ±0.05) x 10" 5 , the Lorentz T factor at transparency T, r = (1.44±0.01) x 10 4 , and the 
intrinsic duration At' ~ 0.35 s. We also determine the average density of the CircumBurst Medium (CBM), 
(«cbm) = (1-90 ± 0.20) x 10~ 5 particles/cm 3 . There is no evidence of beaming in the system. In view of the 
energetics and of the Baryon load of the source, as well as of the low interstellar medium and of the intrinsic 
time scale of the signal, we identify the GRB progenitor as a binary neutron star. From the recent progress 
in the theory of neutron stars, we obtain masses of the stars ;«i = mi = 1.34M Q and their corresponding radii 
R\ = Ri= 12.24 km and thickness of their crusts ~ 0.47 km, consistent with the above values of the Baryon 
load, of the energetics and of the time duration of the event. 

Subject headings: Gamma-ray burst: general — Gamma-ray burst: individual: GRB 090227B 



1. INTRODUCTION 

The understanding of GRBs is among the most fascinating 
and profound conceptual problems of relativistic astrophysics. 
Observatio ns at high energies from space missions, such 
as BA TSE (Me egan et alll 19921) , Beppo-SAX ( Metzg er et al] 
1997), Swift Burst Alert Telesc ope (BAT) (Gehre ls et ail 
2005), AGILE dTavani et al.1 12 008). Fermi Gamma-ray Burst 
Monitor (GBM) dMeegan et alJ 120091) and others, have re- 
vealed that GRBs emit in a few seconds of the time of the 
observer almost the energy equivalent to a solar mass. This 
allows the observability of these sources over the entire visi- 
ble Universe. 

The first systematic analysis on the large sample of GRBs 
observed by the BATSE instrument on boar d the Comp- 
ton G amma-Ray Observer (CGRO) satellite (Meeg an et al.l 
119921) . evidenced a bi-modal temporal distribution in the Tqq 
observed duration of prompt emission of GRBs. The "long" 
and "short" GRBs were defined as being longer or shorter than 

r 90 = 2 s. 

Another fundamental progress was achieved by Beppo-SAX 
with the d iscovery of a prol onged soft X-ray emission, the "af- 
terglow" dCosta et al.ll 1997b . following the traditional hard X- 
ray emission observed by BATSE, that was called the "prompt 
emission". 

In recent years, the observations by the Swift satellite 
dGehrels et al.l 12005b evidenced the existence of a possible 
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third class of burst presenting hybrid properties between 
the short and the long ones: the Norris-Bonnell sources 
dNorris & Bonnelll [2006). The prompt emission of these 
sources is characterized by an initial short spike-like emis- 
sion lasting a few seconds, followed by a prolonged softer 
extended emission lasting up to some hundred seconds. They 
were initially indicated in the literature as "short GRBs with 
an extended emission". 

In parall el the theoretical progre ss in the Fireshell model of 
GRBs (see Ruffini et al. 2001a b e) has led to an alternative 
explana tion of the Norris-Bonnell sources as "disguised short 
bursts" dBernard ini et al. 2"007l l2008t iCaito et al.ll2009l 120101 
Ide Barros et alj|201 lb : canonical long bursts exploding in ha- 
los of th eir h ost galaxies, with («cbm) ~ 10~ 3 particles/cm 3 
(see Sec. ES). 

The aim of thi s article, using the d ata obtained by the Fermi- 
GBM satellite (Meegan et al. 2009), is to probe the existence 
of a yet new class of GRBs which we here define "genuine 
short GRBs", theore t ically predicted by the Fireshell model 
dRuffiniet al.ll2001bl 120021) . This class of canonical GRBs 
is characterized by severely small values of the Baryon load, 
B < 10~ 5 (see Fig. [TJ. The energy emitted in the P-GRB is 
predominant and the characteristic duration is e xpected to be 
shorter than a fraction of a second (see Sec. 12.4) . 

We have started a search for these genuine short GRBs 
among the bursts detected by the Fermi GBM instrument, in 
its first three years of mission. The initial list of short GRBs 
was reduced requiring that no prominent X-rays and optical 
afterglows be observed. Among these bursts we have identi- 
fied GRB 090227B. From its observed light curves, we have 
performed the spectral analysis of the source, and within the 
theory, we have inferred its cosmological redshift, and all the 
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Figure 1. The energy emitted in the extended afterglow (solid green curve) 
and in the P-GRB (solid red curve) in units of E'f - = 1.11 X IO 53 erg (dashed 
horizontal line), as functions of B. The crossing point, corresponding to the 
condition Ep-GRB = 50%Z?™ C _ , marks the division between the genuine short 
and disguised short and long GRBs region. 

basic parameters of the burst, as well as the isotropic energy, 
the Lorentz Y factor at transparency, and the intrinsic dura- 
tion. 

In Sec. |2] we recall the relevant properties of the Fireshell 
model. In Sec.[3]we report the observation of GRB 090227B 
by the different satellites and the data analysis. In Sec.|4]we 
determine all the parameters characterizing GRB 090227B 
within the Fireshell scenario, including the redshift. In Sec. [5] 
we provide an estimation of the lower limit on the Lorentz 
T factor from the definition of opacity, finding the agreement 
with the theoretically determined Lorentz T factor. In the con- 
clusions we show that GRB 090227B is the missing link be- 
tween the genuine short and the long GRBs, with some com- 
mon characteristics between the two classes. Further analysis 
of genuine short GRB with a yet small value of B should lead 
to P-GRB with a yet more pronounced thermal component. 
We identify the progenitor of GRB 090227B as a symmetric 
binary system of two neutron stars, each of ~ 1.34M Q . 

2. THE FIRESHELL VS THE FIREBALL MODEL AND THE ISSUE OF 
THE PHOTOSPHERIC EMISSION 

Soon after the a n nouncement of the discov ery of GRBs 
dStrong et al.l 11975b . iDamour & Ruffini; (119751) proposed to 
explain the energy source of GRBs in terms of the e + e~ pair 
plasma created in the process of vacuum polarization during 
the formation of a Kerr-Newman black hole. They mentioned 
that the energetics to be expected in this model is approxi- 
mately 10 54 -10 55 erg for a 10M Q black hole. At the time 
nothing was known about the energetics of GRBs, being their 
distance unknown. They did not pursue further the details of 
the model pending additional observational evidence. 

The idea of the role of an e + e~ pair plasma as energy 
source of GRBs was p roposed again and independently by 
ICavallo & Reesl (119781) . They proposed a sudden release of 
energy in a process of gravitational collapse leading to a 
large number of e + e~ pairs , whose instantaneous annihilation 
would lead to a vast release of energy pushing on the CBM: 
the concept of "fireball". 

The concept of fireball was further examined by Goodman 
(1986), who quantified the dynamical effects of the expan- 
sion of the fireball computing the effect of the blue-shift 
due to the bulk Lor e ntz Y factor on the observed tempera- 
ture. Sh emi & Pir an ( 1990) were among the first to compute 



the dynamics of such a fireball in presence of baryonic mat- 
ter, described by the adimensional parameter r\ = Eq/Mbc 2 , 
in which Eq is the initial total energy of the fireball. They 
clearly pointed out that for large values of rj, photons carry 
most of the energy of the fireball. In the opposite regime most 
of £0 is converted in the kinetic energy of the baryons and 
only a small fraction is carried away by the p hotons at trans- 
parency. Further works wer e presented by iMeszaros et al.l 

dl^ . lPlrarrer^ 

After the discovery by Beppo-SAX (ICosta et al.l 119971) 
of th e cosmological nature of GRBs (van Paradiis et al. 

1997) , it became clear that the energetics presented by 
Damour & Ruffinil (fl975l) was indeed correct and their work 
represented o ne of the handful GRB models still viable 
(Ruffini 2001). The return to t he model led to a further step in 
the comprehension of GRBs dRuffini et all 1 1 9991 |2000T) with 
the detailed analysis of the rate equation which accounts for 
the gradual annihilation of the pairs, in a relativistic expand- 
ing shell, during the entire optically thick acceleration phase 
of GRBs: the concept of "fireshell". 

The main differences between the fir eball and the fi reshel l 
scenario s are outlined in the paper of iBianco et al.l (120061) . 
while in lAksenov et al.l d2007l) it was definitely proved that 
in an optically thick e + e~ plasma the annihilation of the pairs 
does not occur instantaneously, as originally assumed by Cav- 
allo and Rees. Instead the optically thick e + e~ plasma reaches 
the thermal equilibrium in a very short time scale, ~ 10~ 12 
s, and then dynam i cally expands following the approach in 
iRuffini et al.l d 19991 120001) . 

In the meantime the BATSE observations led to a phe- 
nomenological classification of GRBs, based o n their ob- 
serve d duration, into "long" and "short" GRBs (iKlebesadell 
| 1992t iDezalav et all 1 1 992h iKouveliotou et all 1 1 9931: iTavanil 

1998) . Initially this fact was interprete d in terms of different 
progenitors for these two classe s (see iBlinnikov et aLlll984t 
IWooslevl[T993l: IPaczvnsyi 1 9981) . 

In 2001 an interpretation within the Fireshell model was 
proposed to explain the differences between the short and the 
long GRBs. This interpretation was based on the Baryon 
load B (inverse of 77). In this picture, both long and short 
GRBs originate from the same basic machine, the dyadotorus, 
from an imp losion le ading to the formation of a Kerr-Newman 
black hole (Ruffini 2009). The long bursts correspond to 
GRBs with B>3.0x 10" 4 and the short ones to GRBs with 
B < 10" 5 (Fig. □). For 10" 5 <B<3.0x IO" 4 it depends also 
on the value of the total energy of the pairs (see Fig. [2]). 
The short bursts should have in the limit of B — > no after- 
glow. This was followed in 2002 by a further theoretical work 
evidencing also the relevance of an additional parameter in- 
fluencing the interpretation above classification: the average 
density of the environment CBM (IRuffini et all 120021 12004 
2005b) . This led to the new concept of "disguised short" 
GRBs (iBernardini et al.ll2007l 120081: ICaTto et al.ll2009l 12011 
de Barros etaLll201 11) . 

Let us briefly go in some more detail in the fireshell model. 
As we have recalled, the GRBs originate from the pro- 
cess of vacuum polarization occurri ng in the formation of a 
black hole, resulting i n pair creation (IDamour & Ruffinil 19751 : 
IRuffini & Xud 120081 IRuffini et al.ll2010l) ~ The formed e + e 
plasma, with total energy Ej °j-, reaches the therm al equilib- 
rium almost instantaneously ( Akse nov et alj |2007). The anni- 
hilation of these pairs occurs gradually and it is confined in 
an expanding shell, called fireshell, which self-accelerates up 
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to ultra relativistic velocities (Ruffini et al. 1999), and engulfs 
the baryonic matter (of mass Mb) left over in the process of 
collapse, w hich thermalizes wi th the pairs due to the large op- 
tical depth (Ru ffini et al.l l2000). The Baryon load is measured 
by the dimensionless parameter B = Mbc 2 /E' e 1' e -. The fireshell 
continues to self-accelerate until it reaches the transparency 
condition and a first flash of radiation, the P-GRB, is emitted 
(Ruffi nTet al.ll200l"bT) . The radius at which the transparency 
occurs and the theoretical temperature, the Lorentz factor as 
well as the amount of the energy emitted in the P-GRB are 
functions of E["\,- and B (see Fig. |2j. 

In recent years a systematic analysis of the possible pres- 
ence of a thermal component in the early phases of the prompt 
emission of GRBs has been performed using the earlie r data 
from BATSE all the way to the latest ones from Fermi dRvdel 
12004 iRvde & Pe'eri 120091; iGuiriec et all 1201 ll) . The pres- 
ence of episodes with a significant thermal component last- 
ing typically from 20 to 50 s has been evidenced. In some 
specific cases the thermal component has bee n shown to 
vary with time follo wing a broken power-law (Rvdel 120041 
IRvde & Pe'erj|2009l) . This problematic ha s led to the study 
of the so-called photospheric emission dRees & Meszaios 
l2005t iPe'er et al.ll2005l l2006t iLazzati & Begelmanl|201Q|) It 
has been pointed out (|Ruffini et alj|201 U llzzo et afll2012alfbt ; 
iPenacchioni et alj|2012l) that a marked difference exists be- 
tween these prolonged emissions occurring at Y ~ 1 and 
the specific ones of the e + e~ recombination occurring at ul- 
tra relativistic regimes, Y > 10 2 , and lasting at most a few 
second s. In the speci fic cases o f GRB 970828 dlzzo et alj 
I2012al). GRB 090618 Jlzzo et aU l2012bh and GRB 101023 
(IPenacchioni et all 1201 % the existence of these two compo- 
nents has been evidenced. The first component, at Y ~ 1, 
has been associated to the Proto Black Hole (PBH), while the 
one at Y > 10 2 has been identified with the P-GRB emission 
(T = 495, for GRB 090618, Y = 143, for GRB 970828 , and 
T = 261 for GRB 101023). 

2.1. The extended afterglow emission 

After transparency, the residual expanding plasma of lep- 
tons and baryons interacts with the CBM and, due to these col- 
lisions, starts to slow down giving rise to a multi-wavelength 
emission: the extended afterglow. Assuming a fully-radiative 
condition, the structures observed in the extended afterglow of 
a GRB are described by two quantities associated with the en- 
vironment: the CBM density profile «cbm, which determines 
the temporal behavior of the light curve, and the fireshell sur- 
face filling factor 1Z = A e ff/A V i S , in which A e ff is the effec- 
tive emitting area of the fir eshell and A l (J its total visible area 
(Ruffini et al. 2002, 2005a). This second parameter takes into 
account t he inhomogeneities in the CBM and its filamentary 
structure (Ruffi ni et al.l 1200 4). The emission process of the 
collision between the baryons and the CBM has been assumed 
in the co moving frame of the s hell as a modified black body 
spectrum (Patricelli et al. 2012), given by 



dVde /r 3 c 3 U7V exp(e/£T)-l ' 

where a is a phenomenological parameter. It is appropriate 
to clarify that this emission is different from the photospheric 
one due to the e + e~ plasma annihilation, since it originates 
from the interactions between the baryons and the CBM in an 
optically thin regime. 
The observed GRB non-thermal spectral shape is then pro- 



duced by the convolution of a very large number of modi- 
fied thermal spectra with different temperatures and different 
Lorentz and Doppler factors. This convolution is performed 
over the surfaces of constant arrival time for the photons at the 
detecto r (EQuiTemporal Surfaces, EQTS, iBianco & Ruffinil 
2005a b) encompassing the total observation time. The ob- 
served hard-to-soft spectral variation comes out naturally 
from the decrease with time of the comoving temperature and 
of the bulk Lorentz Y factor. This effect is amplified by the 
curvature effect originated by the EQTS, which produce the 
observed time lag in the majority of the GRBs. 

Assuming the spherical symmetry of the system, the 
isotropic energy emitted in the burst, £ 1JO , is equal to the 
energy of the e + e~ plasma, E' e +' e -, and the GRB bolometric 
light curve is composed of the P-GRB and the extended af- 
terglow. Their relative energetics and observed time separa- 
tion are functions of the energy E' e +' e -, of the Baryon load B, 
and of the CBM density distribution «cbm (see Fig . [3j ■ In par- 
ticular, for B decreasing, the extended afterglow light curve 
"squeezes" itself on the P-GRB and the P-GRB peak lumi- 
nosity increases (see Fig. 

To reproduce the shape of the light curve we have to de- 
termine for each CBM clump the filling factor 1Z, which de- 
termines the effective temperature in the comoving frame and 
the corresponding peak energy of the spectrum, and of the 
CBM density «cbm, which determines the temporal behav- 
ior of the light curve. It is clear that, since the EQTS en- 
compass emission processes occurring at different comoving 
times weighted by their Lorentz and Doppler factors, the fit 
of a single spike is not only a function of the properties of 
the specific CBM clump but of the entire previous history of 
the source. Due to the non-linearity of the system and to the 
EQTS, any change in the simulation produces observable ef- 
fects up to a much later time. This brings to an extremely 
complex procedure by trial and error in the data simulation to 
reach the uniqueness. 

It is appropriate to recall that in the Fireshell model the two 
phases, the one preceding the e + e~ transparency and the fol- 
lowing one, as well as their corresponding energetics, are di- 
rectly linked by the Fireshell equations of motion (see Fig.[2]i. 
Consequently, their agreement with the data cannot be inde- 
pendently adjusted and optimized. 

2.2. The canonical long GRBs 

According to this theory, the canonical long GRBs are char- 
acterized by a Baryon load varying in the range 3.0 x 10 -4 < 
B < 10~ 2 and they occur in a typical galactic CBM with an 
average density (hcbm) ~ 1 particle/cm 3 . As a result the ex- 
tended afterglow is predominant with respect to the P-GRB 
(see Fig.[T}. 

2.3. The disguised short GRBs 

After the observ ations by Swift of GRB 050509B 
dGehrels et al.l l2005). which was declared in the literature as 
the first short GRB with an extended emission ever observed, 
it has become clear that all such source s are actually dis- 
guised short GRBs (Ide Barros et al.ll2~01 ll) . It is conceivable 
and probable that also a large fraction of the declared short 
duration GRBs in the BATSE catalog, observed before the 
discovery of the afterglow, are members of this class. In the 
case of the disguised short GRBs the Baryon load varies in 
the same range of the long bursts, while the CBM density is 
of the order of 10~ 3 particles/cm 3 . As a consequence, the ex- 
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Figure 2. The main quantities of the Fireshell model at the transparency for selected values of : the radius in the laboratory frame, the co-moving frame and 
blue-shifted toward the observer temperatures of the plasma, the Lorentz V factor, and the fraction of energy radiated in the P-GRB and in the extended afterglow 
as functions of B. In these simulations a sudden transition between the optically thick adiabatic phase and the fully radiative condition at the transparency has 
been assumed. 



tended afterglow results in a "deflated" emission that can be 

I . I 

exceeded in peak luminosity by the P -GRB (Bernardini et al. 
I2007L l200l lCaitoet1Ill200l l20Tot Ide Barros et al.ll2011l) . 
Indeed the integrated emission in the extended afterglow is 
much larger than the one of the P-GRB (see Fig. [T), as ex- 
pected for long GRBs. With these understandings long and 
disguised short GRBs are interpreted in terms of long GRBs 
exploding, respectively, in a typical galactic density or in a 
galactic halo density. 

These sources have given the first evidence of GRBs 
originating from binary mergers, formed by two neutron 
stars and/or white dwarfs in all possible combinations, that 
have spiraled out from their ho s t galaxies into the ha- 
los dBernardini et al 1 120071 l200l iCaito et al.l 120091 l2010t 
Ide Barros et al.H2.Ql 11) . This interpretation has been supported 
by direct optical obs ervations of GRBs located in the outskirt 
of the host galaxie s (|Sahu et al. 19 97tlvan Paradiis et al. 1997; 
Bloom et al]|2006t lTroia et al.ll2008t iFong et al.ll2010H Berger 
201lMKopacetai1l2012l) . 



2.4. The class of genuine short GRBs 

The canonical genuine short GRBs occur in the limit of very 
low Baryon load, e.g. B < 10~ 5 with the P-GRB predominant 
with respect to the extended afterglow. For such small values 
of B the afterglow peak emission shrinks over the P-GRB and 
its flux is lower than the P-GRB one (see Fig. |4j). 



The thermalization of photon-pairs plasma is reached in a 
very short timescale at the beginning of the expansion phase 
and the thermal equilibrium i s implemented duri ng the en- 
tire phase of the expansion ( Akse nov et al.l 12007). therefore 
the spectrum of these genuine short GRBs is expected to be 
characterized by a significant thermal-like emission. Since the 
baryon load is small but not zero, in addition to the predomi- 
nant role of the P-GRB, a non-thermal component originating 
from the extended afterglow is expected. 

3. OBSERVATIONS AND DATA ANALYSIS OF GRB 090227B 

At 18: 31:01.41 UT on 27" 1 February 2009, the Fermi GBM 
detector ( Guiriecl 120091) triggered and located the short and 
bright burst, GRB 090227B (trigger 257452263/090227772). 
The on-ground calculated location, using the GBM trigger 
data, was (RA,Dec)(J2000)=(l l' ! 48 m 36 s , 32° 10' 12"), with an 
uncertainty of 1.77° (statistical only). The angle from the 
Fermi LAT boresight was 72° . The burst was also located by 
IPN dGolenetskii etal]|2009al) and detected by Konus-Wind 
dGolenetskii et al.ll2009bl) . showing a single pulse with dura- 
tion ~ 0.2 s (20 keV - 10 MeV). No X rays and optical obser- 
vations were reported on the GCN Circular Archive, thus the 
redshift of the source is unknown. 

To obtain the Fermi GBM light-curves and the spectrum in 
the energy range 8 keV - 40 MeV, we made use of the RMF I T 
program. For the spectral analysis, we have downloaded from 
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Figure 3. Plots of the arrival time separation At a between the P-GRB and the peak of the extended afterglow as function of B for four different values of B'J' _ , 
measured in the source cosmological rest frame. This computation has been performed assuming four constant CBM density iicbm = 1.0, 1.0 X 10~', 1.0 X 
10~ 3 , 1.0 X 10~ 5 particles/cm 3 . 

and a faint tail lasting up to 0.9 s after the trigtime 7b in the 
energy range 10 keV - 1 MeV. After the subtraction of the 
background, we have proceeded with the time-integrated and 
time-resolved spectral analyses. 

3.1. Time-integrated spectral analysis 

We have performed a time-integrated spectral analysis in 
the time interval from 7b -0.064 s to 7b + 0.896 s, which cor- 
responds to the 7bo duration of the burst. We have fitted the 
spectrum in this time interval considering the following mod- 
els: Comptoniza tion (Compt) plus power-law (P L) and Band 
dBand et al.lll993l) plus PL, as outlined e.g. in iGuiriec et al.l 
(2010), as well as a combination of Black Body (BB) and 
Band. We have evaluated the significance values from the dif- 
ferences in the C-STAT, considered as x 2 variables for the 
change in the number of the model parameters. In Tab. [2] 
we have compared the model with different number of de- 
grees of freedom (DOF). Within the 7bo time interval, the 
BB+Band model improves the fit with respect to Compt+PL 
model at a significance level of 5%. The comparison between 
Band+PL and Compt+PL models is outside of such a con- 
fidence level (about 8%). The direct comparison between 
BB+Band and Band+PL models, which have the same num- 
ber of dof (see Tab.Q~|i, provides almost the same C-STAT val- 
ues for BB+Band and Band+PL models (AC-STAT k, 0.89). 
This means that all the three models are viable. The re- 
sults of the analysis are shown in Tab. Q] and Fig. [5] For 




Figure 4. The dependence of the shape of the light curve on B. The compu- 
tations have been performed assuming E'°L =4.83 x 10 53 ergs, (hcbm) = 1-0 

particles/cm 3 , three different values of the Baryon load B = 10~ 2 , 10~ 3 , ICT 4 
and the P-GRBs duration fixed, i.e. 5 s. For B decreasing, the extended after- 
glow light curve squeezes itself on the P-GRB and the peak becomes sharper 
and higher. 

the gsfc website the TTE (Time-Tagged Events) files, suit- 
able for short or highly structured events. We used the light 
curves corresponding to the Nal-n2 (8 - 900 keV) and the 
BGO-bO (250 keV - 40 MeV) detectors. The 64 ms binned 
GBM light curves show one very bright spike with a short 
duration of 0.384 s, in the energy range 8 keV - 40 MeV, 

4 ftp://legacy.gsfc.nasa.gov/fermi/data/gbm/bursts 
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BB+Band model, the ratio between the fluxes of the thermal 
component and the non-thermal one (NT) is Fbb/Fnt ~ 0.22. 
The BB component is important in the determination of the 
peak of the vF v spectrum and has an observed temperature 
/tr = (397±70)keV. 

We have then focused our attention on the spike component, 
namely the time interval from 7b-0.064 s to 7b+0. 192, which 
we indicate in the following as the T sp ik e - We have repeated the 
time-integrated analysis considering the same spectral models 
of the previous interval (see Tab. Q] and Fig. |6). As reported 
in Tab. [2] within the T sp ik e time interval, both BB+Band and 
Band+PL models marginally improve the fits of the data with 
respect to Compt+PL model within a confidence level of 5%. 
Again, the C-STAT values of BB+Band and Band+PL models 
are almost the same (AC-STAT « 0.15) and they are statically 
equivalent in the T sp ike- For the BB+Band model, the observed 
temperature of the thermal component is kT = (5 15 ± 28) keV 
and the flux ratio between the BB component and the NT one 
increases up to Fbb/F^t ~ 0.69. 

We have performed a further analysis in the time interval 
from ro + 0.192 s to 7b+0.896 s, which we indicate as T ta u, by 
considering BB+PL, Compt and PL models (see Fig. [7] and 
Tab.Q]i. The comparison in Tab.|2]shows that the best fit is the 
Compt model. The BB+PL model is the less preferred. From 
the data analysis in the T ta u time interval, we can conclude 
that a thermal component is ruled out. 

In view of the above, we have focused our attention on the 
fit of the data of the BB+Band model within the Fireshell 
scenario, been equally probable from a mere statistical point 
of view with the other two choices, namely Band+P L and 
Compt+PL. According to the Fireshell scenario (see Sec. 12. U . 
the emission within the T sp jk e time interval is related to the P- 
GRB and is expected to be thermal. In addition the transition 
between the transparency emission of the P-GRB and the ex- 
tended afterglow is not sharp. The time separation between 
the P-GRB and the peak of the extended afterglow depends 
on the energy of the e + e~ plasma the Baryon load B 

and the CBM density ticbm (see Fig.@|. As shown in Figs. [3] 
and 21 for decreasing values of B an early onset of the ex- 
tended afterglow in the P-GRB spectrum occurs and thus, a 
NT component in the T sp \ke. is expected. As a further check, 
the theory of the Fireshell model indeed predicts in the early 
part of the prompt emission of GRBs a thermal component 
due to the transparency of the e + e~ plasma (see Sec. [2]), while 
in the ex tend ed afterglow no thermal component is expected 
(see Sec. 12. II ), as observed in the T ta u time interval. 

Our theoretical interpretation is consistent with the obser- 
vational data and the statistical analysis. From an astrophys- 
ical point of view the BB+Band model is preferred over the 
other two models, statistically equivalent in view of the above 
theoretical considerations. 

3.2. Time- resolved spectral analysis 

We have performed a time-resolved spectral analysis on 
shorter selected time intervals of 32 ms in order to correctly 
identify the P-GRB, namely finding out in which time inter- 
val the thermal component exceeds or at least has a compa- 
rable flux with respect to the NT one due to the onset of the 
extended afterglow. In this way we can single out the contri- 
bution of the NT component in the spectrum of the P-GRB. 

A time-resolved spectral analysis has been performed by 
iGuiriec et alj ([2010) by selecting time intervals from 2 ms to 
94 ms. In view of the low statistical content in some small 
time bins, the authors fitted the data by using simple Band 



functions. We have performed a time-resolved analysis on 
time intervals of 32 ms (see Fig. [8) in order to optimize the 
statistical content in each time bin and to test the presence of 
BB plus an extra NT component. The results are summarized 
in Tab. [3] where we have compared the BB+NT with the sin- 
gle Band function. 

In the analysis we have preferred the x 2 statistic because of 
the high photon fluxes in the first five time intervals, > 100 
photons/(cm 2 s). 

Within the first time-resolved interval the BB+PL model 
has a thermal flux (1 1 .2 ± 3.4) times bigger than the PL flux; 
the fit with BB+Band provides F BB = (0.50 ± 0.26)F NT , where 
the NT component is in this case the Band model. In the 
second and fourth intervals, the BB+Band model provides an 
improvement at a significance level of 5% in the fitting pro- 
cedure with respect to the simple Band model (see Tab. [5] last 
column). In the third time interval as well as in the remain- 
ing time intervals up to 7b + 0.192 s the Band spectral models 
provide better fits with respect to the BB+NT ones. 

This is exactly what we expect from our theoretical under- 
standing: from 7b -0.032 s to 7b + 0.096 s we have found the 
edge of the P-GRB emission, in which the thermal compo- 
nents have fluxes higher or comparable to the NT ones. The 
third interval corresponds to the peak emission of the ex- 
tended afterglow (see Fig. [TTJ. The contribution of the ex- 
tended afterglow in the remaining time intervals increases, 
while the thermal flux noticeably decreases (see Tab. [3j. 

We have then explored the possibility of a further rebin- 
ning of the time interval 7^,^, taking advantage of the large 
statistical content of each time bin. We have plotted the Nal- 
n2 light curve of GRB 090227B using time bins of 16 ms 
(see Fig. [9] left panels). The re-binned light curves show two 
spike-like substructures. The duration of the first spike is 96 
ms and it is clearly distinct from the second spike. In this time 
range the observed BB temperature is kT = (517 ±28) keV 
(see Tab. O and the ratio between the fluxes of the thermal 
component and the non-thermal one is Fbb/Fnt ~ LI. Con- 
sequently, we have interpreted the first spike as the P-GRB 
and the second spike as part of the extended afterglow. Their 
spectra are shown in Fig. [9] right panels, and the results of the 
spectral analysis are summarized in Tab. |4] 

4. ANALYSIS OF GRB 090227B IN THE FIRESHELL MODEL 

The identification of the P-GRB is fundamental in order 
to determine the Baryon load and the other physical quanti- 
ties characterizing the plasma at the transparency point (see 
Fig. |2]). Crucial is the determination of the cosmological red- 
shift, which can be derived combining the observed fluxes and 
the spectral properties of the P-GRB and of the extended af- 
terglow with the equation of motion of our theory. From the 
cosmological redshift we derive E' e °' e - and the relative energet- 
ics of the P-GRB and of the extended afterglow components 
(see Fig. ID). Having so derived the Baryon load B and the 
energy E' e °' e -, we can constrain the total energy and simulate 
the canonical light curve of the GRBs with their characteristic 
pulses, modeled by a variable number density distribution of 
the CBM around the burst site. 

4.1. Estimation of the redshift of GRB 090227B 

Having determined the redshift of the source, the analysis 
consists of equating E' e °' e - = Ei SO (namely £,„ is a lower limit 
on E' e 1' e -) and inserting a value of the Baryon load to complete 
the simulation. The right set of E' e °' e - and B is determined 
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Figure 5. The 64 ms time-binned Nal-n2 light curve (top left panel) and the NaI-n2+BGO-bO vF u spectra (top right BB+Band, bottom left Band+PL, bottom 
right Compt+PL) of GRB 090227B in the T 9Q time interval. 
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Figure 6. The same considerations as in Fig. [5] in the T sp ik e time interval. 
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Figure 7. The 64 ms time-binned Nal-n2 light curve (top left panel) and the NaI-n2+BGO-bO uF v spectra (top right BB+PL, bottom left Compt, bottom right 
PL) of GRB 090227B in the T tail time interval. 



Int. 


Model 


kT [keV] 


E p [keV] 




& 


7 


Fxot [erg/cm^s] 


F BBl F tOt 


C-STAT/dof 




BB+Band 


397 ± 70 


1942 ± 249 


-0.60 ± 0.05 


-2.90 ±0.31 




(3.35 ±0.12) X 10" 5 


0.22 


286.84/240 


r 90 


Band+PL 




1835 ± 84 


-0.35 ± 0.05 


-3.46 ±0.46 


-1.47 ±0.13 


(3.39±0.13) X 10" 5 




287.73/240 




Compt+PL 




1877 ±72 


-0.36 ± 0.05 




-1.36 ±0.05 


(3.44 ±0.13) X 10" 5 




290.71/241 




BB+Band 


515 ±28 


1072 ±210 


-0.40 ± 0.05 


-2.32 ±0.17 




(1.26 ±0.04) X 10" 4 


0.69 


266.17/240 


T spike 


Band+PL 




1879 ± 67 


-0.33 ± 0.05 


-3.61 ±0.38 


-1.35 ±0.10 


(1.25 ±0.04) X 10" 4 




266.32/240 




Compt+PL 




1912 ±58 


-0.33 ± 0.05 




-1.26 ±0.07 


(1.26±0.04) X 10" 4 




270.19/241 




BB+PL 


36 ± 13 








-1.44 ±0.07 


(3.9 ± 1.2) X 10 -6 




293.85/242 


T tail 


Compt 




2703 ± 1760 


-1.23 ±0.09 






(2.03 ±0.79) X 10" 6 




291.19/243 




PL 










-1.44 ±0.05 


(4.7 ± 1.1) X 10" 6 




296.07/244 



Table 1 

The time-integrated spectral analyses performed using BB+Band, Band+PL and Compt+PL models in the 7^0 and Ty,^ time intervals, and BB+PL, Compt and 

PL in the T ta y time interval, in the energy range 8 keV - 40 MeV. 
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Int. 


Models 


AC-STAT 


Significance 


T 90 


BB+Band over Compt+PL 


3.87 


0.049 




Band+PL over Compt+PL 


2.98 


0.084 


T spike 


BB+Band over Compt+PL 


4.02 


0.045 




Band+PL over Compt+PL 


3.87 


0.049 




BB+PL over PL 


2.22 


0.33 


T tail 


BB+PL over Compt 


2.66 


0.10 




Compt over PL 


4.88 


0.027 



Table 2 

The C-STAT improvement with the addition of extra parameters in the Tga, 
T sp ike and T ta u time intervals (see Tab.[T]. 




TSTART (s) 



Figure 8. The 32 ms time-binned Nal-n2 light curve of GRB 090227B in the 
time interval from To — 0.032 s to To + 0.192 s; each time bin corresponds to 
the time-resolved interval considered in the Sec. 13.21 

when the theoretical energy and temperature of the P-GRB 
match the observed ones of the thermal emission [namely 
Ep-grb = Ebb and kT obs = kT hlue /{\ +z)]. 

In the case of GRB 090227B we have estimated the ratio 
Ep-grb/ E' e +' e - from the observed fluences 



& P-GRB 



Sbb 



EX- 4TTdfF tot At tot /(l+z) S„ 



(2) 



where d\ is the luminosity distance of the source and S = FAt 
are the fluences. The fluence of the BB component of the 
P-GRB (see Tabg] first interval) is Sbb = (1 .54 ± 0.45) x 10" 5 
erg/cm 2 . The total fluence of the burst is S tot = (3 .79 ± 0.20) x 
10~ 5 erg/cm 2 and has been evaluated in the time interval from 
T - 0.016 s to T Q + 0.896 s. This interval slightly differs from 
the Tga because of the new time boundaries defined after the 
rebinning of the light curve at resolution of 16 ms. Therefore 
the observed energy ratio is E P - GRB /E'f e - = (40.67 ± 0. 12)%. 
As is clear from the bottom right diagram in Fig. |2] for each 
value of this ratio we have a range of possible parameters B 
and E' e +' e -. In turn, for each value of them we can determine 
the theoretical blue-shifted toward the observer temperature 
kTbiue (see top right diagram in Fig. |2}. Correspondingly, for 
each couple of value of B and E' e °' e - we estimate the value of 
Z by the ratio between kTti ue and the observed temperature of 
the P-GRB kT obs , 

kTbiue , . _ (3) 



kT, 



l+z. 



obs 



In order to remove the degeneracy [E' e +' e -(z),B(z)], we have 
made use of the isotropic energy formula 



. ,2 Stot 

= 47:d >(TT7) 



EN(E)dE 



f* {m °EN(E)dE 



(4) 



in which N(E) is the photon spectrum of the burst and the 
integrals are due to the bolometric correction on S l0 , . The 
correct value is the one for which the condition Ej SO = E' e 1' e - is 
satisfied. 

We have found the equality at z = 1.61 ±0.14 for B = 
(4.13±0.05)x 10- 5 and£^_ = (2.83 ± 0.15) x 10 53 ergs. The 
complete quantities so determined are summarized in Tab. 

4.2. The analysis of the extended afterglow and the observed 
spectrum of the P-GRB 

As recalled in Sec. [2] the arrival time separation between 
the P-GRB and the peak of the extended afterglow is a func- 
tion of E' e +' e - and B and depends on the detailed profile of the 
CBM density. ForB ~4x 10~ 5 (see Fig. [3) the time separa- 
tion is ~ 10~ 3 -10~ 2 s in the source cosmological rest frame. In 
this light, there is an interface between the reaching of trans- 
parency of the P-GRB and the early part of the extended af- 
terglow. Tlm^ojinecjdon has already been introduced in lit- 
eratur e dPe'er et al.l2012tlTzzo et al.l2012bi|Penacchioni et al.l 
I20l2h . 

From the determination of the initial values of the energy, 
E'°' e - = 2.83 x 10 53 ergs, of the Baryon load, B = 4.13 x 10" 5 , 
and of the Lorentz factor T, r = 1.44 x 10 4 , we have simu- 
lated the light curve of the extended afterglow by deriving the 
radial distribution of the CBM clouds around the burst site 
(see Tab. [6] and Fig. ITOb . In particular, each spike in Fig. [TOl 
corresponds to a CBM cloud. The error boxes on the num- 
ber density on each cloud is defined as the maximum possi- 
ble tolerance to ensure the agreement between the simulated 
light curve and the observed data. The average value of the 
CBM density is (n) = (1.90 ±0.20) x 10" 5 particles/cm 3 with 
an average density contrast (Sn/n) =0.82 ±0.11 (see also 
Tab. 0. These values are typical of the galactic halos envi- 
ronment. The filling factor varies in the range 9.1 x 10~ 12 < 
TZ < 1.5 X 10" 11 , up to 2.38 x 10 17 cm away from the burst 
site, and then drops to the value 7Z=1.0x 10~ 15 . The value of 
the a parameter has been found to be -1 .99 along the total du- 
ration of the GRB. In Fig.QT]we show the Nal-n2 simulated 
light curve (8-1000 keV) of GRB 090227B and in Fig. [H] 
(left panel) the corresponding spectrum in the early ~ 0.4 s 
of the emission, using the spectral model described by Eq. Q] 
dPatricelli et al.ll20T2l) . The simulation of the extended after- 
glow starts T a -To ~ 0.017 s after the Trigtime To. After the 
submission of this manuscript, at the 13''' Marcel Grossmann 
meeting Dr. G. Vianello suggested to extend our simulations 
from 1 MeV all the way to 40 MeV, since significant data 
are available from the BGO detector. Without changing the 
parameters used in the theoretical simulation of the Nal-n2 
data, we have extended the simulation up to 40 MeV and we 
compared the results with the BGO-bO data (see Fig. [12] right 
panel). The theoretical simulation we performed, optimized 
on the Nal-n2 data alone, is perfectly consistent with the ob- 
served data all over the entire range of energies covered by 
the Fermi-GBM detector, both Nal and BGO. 

We turn now to the emission of the early 96 ms. We have 
studied the interface between the P-GRB emission and the on- 
set of the extended afterglow emission. In Fig. [13] we have 
plotted the thermal spectrum of the P-GRB and the Fireshell 
simulation (from Tq + 0.015 s to 7o + 0.080 s) of the early in- 
teraction of the extended afterglow. The sum of these two 
components is compared with the observed spectrum from the 
Nal-n2 detector in the energy range 8-1000 keV (see Fig. Qj] 
left panel). Then, again, from the theoretical simulation in the 
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Interval 


Models 


kT 


E P 


a 


& 


F, ot X 10 -5 


X 2 /DOF 


^bb/^nt 


BB+Band 


[s] 






[keV] 


[keV] 






[erg/cm"s] 






over Band 






BB+PL 


274 ± 17 




-1.75 ±0.29 




7.03 ± 0.76 


196.85/241 = 0.82 


11.2 ± 3.4 




-0.032 -) 


0.000 


BB+Band 


280 ± 66 


1703 ± 407 


-0.50 ±0.25 


unc 


8.22 ± 0.99 


180.23/239 = 0.75 


0.50 ± 0.26 


0.051 






Band 




1493 ± 155 


-0.21 ±0.11 


line 


8.13 ± 0.88 


186.17/241 = 0.77 










BB+PL 


377 ± 12 




-1.20 ±0.03 




62.2 ±3.6 


308.97/241 = 1.28 


1.04 ± 0.11 




0.000 -» 


0.032 


BB+Band 


571 ±44 


858 ± 214 


0.15 ±0.17 


-2.45 ± 0.26 


46.2 ±2.3 


222.54/239 = 0.93 


1.41 ± 0.38 


0.041 






Band 




2140 ± 102 


-0.10 ±0.06 


-5.3 ± 1 .9 


47.2 ±2.1 


228.95/241 = 0.95 










BB+PL 


437 ± 20 




-1.21 ±0.03 




43.4 ±3.1 


247.41/241 = 1.03 


1 .00 ± 0.24 




0.032 -> 


0.064 


BB+Band 


572 ± 65 


1713 ± 1045 


-0.42 ±0.14 


-1.77 ± 0.26 


35.0 ±2.6 


222.18/239 = 0.93 


0.55 ± 0.35 


0.081 






Band 




2439 ± 257 


-0.29 ± 0.07 


-2.64 ± 0.22 


36.4 ± 2.6 


227.21/241 = 0.94 










BB+PL 


329 ± 2 1 




-1.41 ±0.04 




17.8 ± 1.9 


241.91/241 = 1.00 


0.92 ± 0.27 




0.064 -» 


0.096 


BB+Band 


373 ± 34 


435 ± 297 


-0.48 ± 0.09 


-1.70 dz 0.14 


17.5 ± 1.9 


221.50/239 = 0.93 


0.85 ± 0.28 


0.020 






Band 




1586 ±281 


-0.48 ± 0.29 


-2.23 ± 0.19 


17.5 ±2.0 


229.31/241 = 0.95 










BB+PL 


124.9 ± 8.4 




-1.27 ±0.04 




18.9 ± 0.23 


258.17/241 = 1.07 


0.21 ± 0.08 




0.096 -> 


0.128 


BB+Band 


144 ± 84 


454 ± 162 


0.11 ±0.30 


-1.80 ± 0.17 


16.1 ± 2.1 


226.61/239 = 0.95 


unc 


0.061 






Band 




622 ± 112 


-0.1 1 ± 0-17 


-1.99 dz 0.1 1 


13.8 dz 1.8 


232.21/241 = 0.96 










BB+PL 


35.5 ±4.8 




-1.52 ±0.08 




2.87 ± 0.95 


202.44/241 = 0.84 


0.13 ± 0.06 




0.128 -> 


0.160 


BB+Band 


39.6 ±6.8 




-1.2± 1.4 


-1.54 ± 0.26 


2.8 ± 1.2 


198.00/239 = 0.83 


0.14 ± 0.08 


0.067 






Band 




193 ± 124 


-0.75 ± 0.40 


-1.84 ± 0.18 


2.55 ± 0.91 


203.40/241 = 0.84 










BB+PL 


30.2 ±7.7 




-1.19 dz 0.10 




5.7 ± 1.4 


237.82/241 = 0.99 


0.020 ± 0.019 




0.160 


0.192 


BB+Band 


22 ± 10 






-1.25 ± 0.08 




203.37/239 = 0.85 




0.0045 






Band 






-0.7 ± 1.2 


-1.40 ± 0.08 


6.0 ± 1.4 


214.19/241 = 0.89 







Table 3 

Time-resolved analysis of GRB 090227B performed using BB+NT (NT=Band,PL) and a single Band model. In the first column we have indicated the time bin; 
in the following five columns we have indicated the spectral models and their parameters. In the next three columns we have listed, respectively, the total flux, 
the x 2 , and the ratio between the thermal (where considered) and the non-thermal fluxes. The last column reports the significance in the addition of the the BB 

with respect the sole Band model. 
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Figure 9. The 16 ms time-binned Nal-n2 light curves of the P-GRB (left upper panel) and the extended afterglow (left lower panel) and their NaI-n2+BGO-bO 
vF v spectra (on the right, the upper panel for the P-GRB and the lower one for the extended afterglow). The fit of the P-GRB is composed of a BB superimposed 
by a Band spectrum; the extended afterglow is well fitted by a simple Band function. 





Model 


kT [keV] 




& 


Speaks 


F, ot ^rg/(cm 2 s)l 


F BB [cry/(cm 2 s)l 


C-STAT/DOF 


P-GRB 


Band+BB 


517 ± 28 


-0.80 ± 0.05 


-2.14 ± 0.17 


952 ±251 


(3.13 ±0.13) X 10" 4 


(1.61 ± 0.47) X 10" 4 


263.51/239 


Ext. Aft. 


Band 




-0.79 ± 0.06 


-2.01 ± 0.10 


1048 ± 178 


(2.66 ±0.26) X 10" 5 




276.50/241 



Table 4 

The results of the spectral analysis of the P-GRB (from 7o — 0.016 s to 7o + 0.080 s, best fit BB+Band model) and the extended afterglow (from 7o + 0.080 s to 

T + 0.368 s, best fit Band model) of GRB 090227B in the energy range 8 keV - 40 MeV. 
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Fireshell Parameter 


Value 


E' e i' e - [^g] 


(2.83 ±0.15) X 10 53 


B 


(4.13±0.05) x l(r 5 


V, r 


(1.44 ±0.01) x 10 4 


r, r [cm] 


(1.76±0.05) x 10 13 


KT bl ue [keV] 


(1.34±0.01) x 10 3 


z 


1.61 ±0.14 


(n) [particles/cm 3 ] 


(1.90±0.20) x 10~ 5 


(Sn/n) 


0.82 ±0.11 



Table 5 

The results of the simulation of GRB 090227B in the Fireshell model. 



Cloud Distance [cm] "cbm [#/cm ] 



1* 


1.76 x 10 15 


(1.9±0.2) x 10- 


-5 


2 th 


1.20 x 10 17 


(3.5 ±0.6) x 10- 


-6 


yh 


1.65 x 10 17 


(9.5 ±0.5) x 10" 


-6 


4''' 


1.80 x 1() 17 


(5.0 ±0.5) x 10- 


-6 


5"' 


2.38 x 1() 17 


(2.6 ±0.2) x 10- 


-5 


6"' 


2.45 x 10 17 


(1.0±0.5) x 10- 


-7 


7 f// 


4.04 x 10 17 


(6.0 ± 1.0) x 10- 


-5 



Table 6 

The density mask of GRB 090227B : in the first column we report the 
number of CBM clouds, in the second one their distance away from the BH, 
and in the third one the number density with the associated error box. 



distance [units of 10 17 cm] 

Figure 10. The radial CBM density distribution of GRB 090227B (black 
line) and its range of validity (red shaded region). 
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Figure 11. The Nal-n2 simulated light curve of the extended-afterglow of 
GRB 090227B ; e ach spike corresponds to the CBM density profile described 
in Tab.|6]and Fig. 1 101 The zero of the lower A-axis corresponds to the trigtime 
Tq ; the zero of the upper .v-axis is the time from which we have started the 
simulation of the extended afterglow, T a , namely 0.017 s after Tq. 



energy range of the Nal-n2 data, we have verified the con- 
sistency of the simulation extended up to 40 MeV with the 
observed data all over the range of energies covered by the 
Fermi-GBM detector, both Nal and BGO. The result is shown 
in Fig. [13] (right panel). 

5. CONSISTENCY WITH THE OPACITY DUE TO PAIR PRODUCTION 

It is interesting to compare the Lorentz T factor theoret- 
ically determined from the P-GRB analysis with the lower 
limit coming from the opacity argument applied to the after- 
glow emission. 

An estimate on this lower limit comes from the solution 
of the classical compactness problem for GRBs which arises 
from the combination of their large energy released, ~ 10 51 
ergs, the short variability time scale St of a few milliseconds 
and the observed hard non-thermal spectrum. Using the usual 
(Newtonian) causality limit on the size R < cSt to estimate 
the density of photons, one finds that the optical depth for 
pair produc tion at the source 77 — > e + e~ would be ~ 10 15 (see 
lPiranll 999). Such an optically thick source could not emit the 
obser ved non-thermal sp ectrum. 

As iRudermanl (119751) pointed out, relativistic effects can 
solve this problem. The causality limit of a source mov- 
ing relativistically with Lorentz factor r> 1 towards us is 
R < c5t/T 2 . Additionally the observed photons have been 
blue-shifted. At the source they have lower energy, by a fac- 
tor w 1 /r, which may be insufficient for pair production. To- 
gether this leads to a decrease in the estimated optical depth 
by a factor T 2+2/3 dPiranl 120121) . where (3 is the high energy 
spectral index of the photon number distribution. Thus, the 
average optical depth, up to a factor due to the cosmological 
effects, is 

_ _ fp 



<j T Sdf 



'77 ' 



r 2+2/3 c 2§ t 2 m c 2 ' 



(5) 



where /„ is the fraction of photon pairs at the source that can 
effectively produce pairs, <jj is the Thompson cross-section 



and S is the observed fluence. 
Eq.|5]becomes 



From the condition 



77 



r > 



f p <j T Sdf 
c 2 5t 2 m e c- 



< 1, 



(6) 



By setting 5t equal to minimum v ariability time scal e ob- 
served for GRB 090227B, - 2 ms dGuiriec et al.ll2010l) . and 
using the observed total fluence, S to , = 3.79 x 10~ 5 erg/cm 2 , 
the high energy spectral index, f3 = 2.90, and the theoretically 
inferred redshift, z= 1 .6 1 , we obtain a lower limit T > 594. 

The large quantitative difference between our theoretically 
estimated Lorentz factor from the P-GRB and the one derived 
from the opacity argument is not surprising in view of the very 
different approximations adopted. While the determination 
from the P-GRB consists in a precise analysis at the instant 
of transparency, the determination of the lower limit from the 
Eq.|6]is based on an estimate taking a time-averaged value on 
the entire extended afterglow. 

Important, of course, is that the precise value determined 
from the P-GRB does fulfill the inequality given in Eq.[6j 

6. CONCLUSIONS 

The comprehension of this short GRB has been improved 
by analyzing the different spectra in the Tgo, T sp ik e and T ta u 
time intervals. We have shown that within the 790 and 
the T sp ike all the considered models (BB+Band, Band+PL, 
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Figure 12. Left panel: the simulated photon number spectrum of the extended-afterglow of GRB 090227B (from Tq +0.015 s to Tq +0.385 s) in the energy band 
8-1000 keV, compared to the Nal-n2 data in the same time interval. Right panel: the same simulated spectrum, with the same parameters, extended up to 40 
MeV and compared to the Nal-n2 and the BGO-bO data in the same time interval. 
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Figure 13. Left panel: the time-integrated (from 7o + 0.015 s to 7b + 0.080 s) Fireshell simulation in the energy band 8-1000 keV, dashed blue line, and the BB 
emission, dashed-dotted green line; the sum of the two components, the solid red line, is compared to the observed P-GRB emission. Right panel: the same 
considerations including the BGO data up to 40 MeV. 



Compt+PL) are viable, while in the T tai \ time interval, the 
presence of a thermal component is ruled out. The result of 
the analysis in the T ta u time interval gives an additi onal cor- 
respondence between the Fireshell model (see Sec. 12. U and 
the observational data. According to this picture, the emis- 
sion within the TspOa- time interval is related to the P-GRB and 
it is expected to have a thermal spectrum with in addition an 
extra NT component due to an early onset of the extended af- 
terglow. In this time interval a BB with an additional Band 
component has been observed and we have shown that it is 
statistically equivalent to the Compt+PL and the Band+PL 
models. Our theoretical interpretation is consistent with the 
observational data and statistical analysis. From an astro- 
physical point of view the BB+Band model is preferred over 
the Compt+PL and the Band+PL models, been described by a 
consistent theoretical model. 

GRB 090227B is the missing link between the genuine 
short GRBs, with the Baryon load 5<5x 1 0~ 5 and the- 
oretically predicted by the Fireshell model (iRuffini et al.l 
2001 allblld) . and the long bursts. 

From the observations, GRB 090227B has an overall emis- 
sion lasting ~ 0.9 s with a fluence of 3.79 x 10~ 5 erg/cm 2 in 
the energy range 8 keV - 40 MeV. In absence of an optical 
identification, no determination of its cosmological redshift 



and of its energetics was possible. 

Thanks to the exc ellent data available from Fermi-GBM 
(Mee ganet al.H2009h . it has been possible to probe the com- 
parison between the observation and the theoretical model. 
In this sense, we have then performed a more detailed spec- 
tral analysis on the time scale as short as 16 ms of the time 
interval T sp ike- As a result we have found in the early 96 
ms a thermal emission which we have identified with the 
theoretically expected P-GRB component. The subsequent 
emission of the time interval T sp ik e has been interpreted as 
part the extended afterglow. Consequently, we have deter- 
mined the cosmological redshift, z= 1.61 ±0.14, as well 
as the Baryon load, B = (4.13 ± 0.05) x 10" 5 , its energet- 
ics, E'X- = (2.83 ± 0.15) X 10 53 ergs, and the extremely high 
Lorentz T factor at the transparency, T, r = (1 44±0.01) x 10 4 

We are led to the conclusion (see also iRueda & R uffini 
120121) that the progenitor of this GRB is a binary neutron star, 
which for simplicity we assume to have the same mass, by the 
following considerations: 

1. the very low average number density of the CBM, 
(hcbm) ~ 10~ 5 particles/cm 3 ; this fact points to two 
compact objects in a binary system th at have spiraled 
out in the halo of their host galaxy (see lBerna rdini et al. 



GRB 090227B 
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GRB 090227B (a)(b)(cXd) (e) 




Figure 14. The energy emitted in the extended afterglow (green curve) and 
in the P-GRB (red curve) in units of the total energy E'^ = 1.77 X 10 53 erg 
are plotted as functions of the B parameter. In the figure are also marked 
some values of the Baryon load: in black GRB 090227B and in red and blue 
some values corresponding to, respectively, some long and disguised short 
GRBs we analyzed. 



label 


GRB 


E 'e+e- 


[erg] 


B 






("CBM) [*/cm 3 ] 


(a) 


090618 


2.49 X 


10 53 


1.98 X 


10 




1.0 


(b) 


0803 19B 


1.32 X 


10 54 


2.50 X 


10 




6.0 


(c) 


991216 


4.83 X 


10 53 


3.00 X 


10 


-3 


1.0 


(d) 


030329 


2.12 X 


10 52 


4.80 X 


10 


-3 


2.0 


(e) 


031203 


1.85 X 


10 50 


7.40 X 


10 


-3 


0.3 


(f> 


050509B 


5.52 X 


10 4 * 


6.00 X 


10 


-4 


1.0 X 10" 3 


(g) 


060614 


2.94 X 


10 51 


2.80 X 


10 


-3 


1.0 X 10" 3 


00 


970228 


1.45 X 


10 54 


5.00 X 


10 


-3 


9.5 X 10" 4 




090227B 


2.83 X 


10 53 


4.13 X 


10 


-5 


1.9 X 10" 3 



Fig.[HandTab.|7li: 

a. long GRB with Baryon load 3.0 x 10" 4 < B < 10" 2 , ex- 
ploding in a CBM with average density of («cbm) ~ 1 
particle/cm 3 , typical of the inner galactic regions; 

b. disguised short GRBs with the same Baryon load 
as the previous class, but occurring in a CBM with 
(ticr m) ~ 10~ 3 parti cle/cm 3 typ i cal of galact ic ha- 
los (IBernardinietd] 120071 12008L iBianco etai] 120081: 
ICaito et al.ll2009ll2010Hde Barros et al.ll201 lk 

c. genuine short GRBs which occur for B < 10~ 5 with the 
P-GRB predominant with respect to the extended af- 
terglow and exploding in a CBM with («cbm) ~ 10~ 5 
particle/cm 3 , typical again of galactic halos, being GRB 
090227B the first example. 

Both classes of GRBs occurring in galactic halos originate 
from binary mergers. 

Finally, if we turn to the theoretical model within a general 
relativistic descripti on of the grav itation al collap se to a 10M Q 
black hole, see e.g. iRuffini et aU d200l l2005d) and Fig. 2 in 
iFraschetti et alj (120061) . we find the necessity of time resolu- 
tions of the order the fraction of a ms, possibly down to /is, 
in order to follow such a process. One would need new space 
missions larger collecting area to prove with great accuracy 
the identification of a thermal component. It is likely that an 
improved data acquisition with high signal to noise on shorter 
time scale would evidence more clearly the thermal compo- 
nent as well as distinguish more effectively different fitting 
procedure. 



Table 7 

List of the long and disguised short GRBs labeled in Fig. ll4l with in addition 
GRB 090227B. For each burst the total energy of the plasma, the Baryon 
load, and the average CBM density are indicated. 

2lMl2008tlBianco et al.ll2008l: ICaito et alJ2009Ll20Tol: 
de Barros etal.ll2011l) : 

2. the large total energy, E' e +' e - = 2.83 x 10 53 ergs, which 
we can indeed infer in view of the absence of beaming, 
and the very short time scale of emission point again 
to two neutron stars. We are led to a binary neutron 
star with total mass mi +1112 larger than the neutron star 
critical mass, M cr . In light of the recent neutron star 
theory in which all the fundamental inte ractions are 
taken into account (Bel vedere et al.ll2012l) . we obtain 
for simplicity in the case of equal neutron star masses, 
m\=m2=\ .34M , radii R\=R2 = 12.24 km, where we 
have used the NL3 nuclear model parameters for which 
M cr = 2.61M Q ; 

3. the very small value of the Baryon load, B = 4.13 x 
10~ 5 , is consistent with the above two neutron stars 
which have crusts ~ 0.47 km thick. The new the- 
ory of the neutron stars, developed in Belv edere et al.l 
(2012), leads to the prediction of GRBs with still 
smaller Baryon load and, consequently, shorter periods. 
We indeed infer an absolute upper limit on the energy 
emitted via gravitation al waves, ~ 9.6 x 10 52 ergs (see 
iRueda & Ruffiliill2012h . 

We can then generally conclude on the existence of three 
different possible structures of the canonical GRBs (see 
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